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Abstract Import of preproteins into mltochondria requires 
transport machineries in both mitochondrial membranes that 
have been characterized in Saccharomyces cerevisiae and Neuro- 
spora crassa. By cDNA analysis, we identified a human protein 
of 16 kDa with significant overall homology to the fungal mito- 
chondrial import receptor Mom19, including the three typical 
characteristics: a hydrophobic N-terminal segment, a tetratrico 
peptide motif in the middle and a negatively charged C-terminus. 
The human Mom19 homolog is expressed in all tissues analyzed. 
When synthesized in vitro, the human Mom19 homolog is tar- 
geted to isolated yeast mitochondria and specifically associates 
with the outer membrane receptor complex, suggesting that in- 
deed a mitochondrial import receptor was identified. 
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I. Introduction 
The mitochondrial genome codes only for a small number of 
;)roteins. Over 95% of mitochondrial proteins are encoded by 
‘mclear genes and synthesized on cytosolic polysomes. The 
‘nitochondrial machinery for import of preproteins has been 
nainly characterized with mitochondria from S. cerevisiue and 
V. crassa (summarized in [l]). This led to the identification of 
.~t least eight outer membrane proteins that form a dynamic 
ilrotein complex, termed the mitochondrial receptor complex 
2,3]. Four of them, termed Mom19 (MaQO), Mom22 (Mas22), 
‘Mas37 and Mom72 (Mas70), are involved in recognition of 
:,reproteins on the mitochondrial surface (import receptors). 
Other Mom proteins participate in formation of a general inser- 
ion pore with Mom38 (1~~42) as central component. The pre- 
,)rotein translocase of the mitochondrial inner membrane con- 
ains at least three essential proteins, Mim17 (Smsl), Mim23 
Mas6) and Mim44 (Isp45), that cooperate with the heat shock 
jrotein Hsp70 of the mitochondrial matrix 14-71. While some 
If the soluble components involved in mitochondrial protein 
mport, such as cytosolic and mitochondrial matrix chaperones 
8-101 and matrix processing enzymes [ll] have been described 
‘or mammalian cells, none of the membrane components of the 
“Corresponding author. Fax (49) (761) 203-5261. 
4bbreviations: Moml9, mitochondrial outer membrane protein 19; N. 
:rassa, Neurospora crassa; S. cerevisiae. Saccharomyces cerevisiae; 
TPR, tetratrico peptide repeat. 
mitochondrial import machinery has been identified in mam- 
malian cells so far. 
By sequencing of human cDNAs [12] we identified an open 
reading frame coding for a protein with significant homology 
to Mom19 from S. cerevisiae and N. crassa. We report that the 
human protein shows the typical characteristics of this mito- 
chondrial import receptor and is expressed in all tissues ana- 
lyzed. When synthesized in rabbit reticulocyte lysates, the 
human Mom19 homolog was targeted to isolated S. cerevisiae 
mitochondria and assembled with the outer membrane receptor 
complex. This suggests that we have identified the first mam- 
malian mitochondrial membrane protein of the preprotein im- 
port machinery. 
2. Materials and methods 
2.1. cDNA analysis and Northern hybridization 
The human immature myeloid cell line KG-I (ATCC CCL246) [13] 
was used as a source of mRNA to construct size-fractionated cDNA 
libraries, and the cDNA inserts were sonified as described [12]. Frag- 
mented DNAs of 50&1,000 bp were cloned into the SmaI site of 
Ml 3mp19, and the nucleotide sequence was determined by the dideoxy- 
method [14] using the ABI 373A sequencer and ABI sequence analysis 
system, INHERIT 670. Sequence data representing about 10 times the 
total length of the cDNA insert were recorded from which the entire 
sequence was reconstructed. Gaps were filled by dye-terminator se- 
quencing using flanking sequences as primers. Computer analyses were 
carried out with the GCG software package 1151 and the DNASIS 
system (Hitachi Co.). 
For Northern analysis, the poly(A)’ RNA (2 pg) of KG-l was incu- 
bated in 1 M glyoxali 50% D&fSb and 10 mM sodium phosphate (pH 
7.0) at 50°C for 60 min (20~1 final volume) [12]. The glyoxylated RNA 
was fractionated on 0.7% agarose gel and transferred to a Biodyne A 
filter (Pall Corp., USA) [16]. Human multiple tissue Northern blots 
were purchased from Clontech laboratories. 
2.2. Synthesis of MomI in vitro and import into isolated yeast 
mitochondria 
The coding region of hMOM19 was cloned into the San-site of the 
pGEM4-Z vector. By in vitro transcription (SP6 RNA polymerase) and 
translation in rabbit reticulocyte lysate in the presence of [35S]methion- 
ine and [3SS]cysteine [17], hMom19 was synthesized. Similarly, the cod- 
ing region of S. cerevisiae (y) MOM19 [18] was cloned into pGEM4-Z, 
and yMom19 was synthesized and rabiolabeled in rabbit reticulocyte 
lysate. Mitochondria were isolated [19] from the haploid S. cerevisiae 
strain YPHSOO (MATa, ade2-101. his3&00, leu2-Al. ura3-52. trpl- 
463, lys2-801). Mitochondria (150 pg mitochondrial protein) were in- 
cubated with reticulocyte lysate (10~1) containing radiolabeled Mom19 
in the presence of 2 mM ATP and 2 mM NADH in BSA-containing 
buffer [17] for 20 min at 25°C (final volume 200@). The mitochondria 
were reisolated by centrifugation and lysed in 0.5% digitonin, 250 mM 
sucrose, 100 mM NaCl, 3% BSA, 1 mM EDTA, 10 mM MOPS (pH 
7.2), followed by immunoprecipitation with protein A-Sepharose and 
antibodies directed against yeast mitochondrial outer membrane 
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proteins or preimmune serum under non-denaturing conditions as de- 
scribed [20,21]. The samples were analyzed by SDS-PAGE and autora- 
diography using the storage phosphor imaging system (Molecular Dy- 
namics). 
3. Results and discussion 
We established a strategy for the rapid determination of the 
sequences of full-length cDNAs. By applying the protocol, 
cDNA clones with inserts longer than 2 kb were isolated from 
a cDNA library of human immature myeloid cell line KG-l, 
and the sequences of more than 200 cDNAs were determined 
[12,22-241. During the course of this work, we identified a 
cDNA with an open reading frame encoding a putative protein 
of 145 amino acids (16.3 kDa) (Fig. 1). The predicted protein 
shows 49% similarity, including 29% identical amino acid resi- 
dues, to S. cerevisiae Mom19 and 60% similarity, including 29% 
GGCCGK!GGGTGTGAGC?CGCCGACCGCTCTGAGGGTGC 
GGTCCC’PGCCGCCACCGTCCACGCTCAGCGTPGTAGAGACG 
MVGRNSA 
CCATCGCCGCCGGTGTATGCGGGGCCC~A~GGTAC%CAWTAC-GACCGCA 
IAAGVCGALFIGYCIYFDRK 
AAAGACGAAGWACCCCAACTTCSJ,G~CAGGCTPCGAGC 
RRSDPNPKNRLRERRKKQKL 
-CCAAOGAGAGAGC-C~-C~G~ACCTGACCT~~C 
AKERAGLSKLPDLKDAEAVQ 
AGAAG'PTCTTCCTXAAGAAATACAGC'PTGGTGAAGAGT 
KFFLEEIQLGEELLAQGEYE 
AGAAGGGCGTAGACCATCTCAAATGCAA'ITGCTGTGT 
KGVDHLTNAIAVCGQPQQLL 
~CAGGTC~ACAGC-CT~~CACCACCAG~G~CAGA~C~~ACTAAGCTCC 
QVLQQTLPPPVFQMLLTKLP 
CAACAATTAGTCAGAGAATTGTAAGTCCTCAGAOCT?CXjC 
TISQRIVSAPSLAEDDVE' 
AAACAAATGTtAACATAATC~AG?TAAAAATA?mA 
AGCAGCTC 'PGGGGGAATAAGGGC-TC~~A~~CTACAC~-~~ACC~ 
AGTTAAmmACTTn;mTAGA~CA-=C~A~A~A-~CCAG~- 
GTGTATTITGATAGAGAACT TTCTATAAATACACTATGAGTl.ACTAAAATATCAT 
Fig. 1. Nucleotide sequence of cDNA KlAA0016 and derived amino 
acid sequence of hMom 19. The amino acids are given in the one letter 
code. The accession number for the sequence reported here is Dl3641 
in the EMBLIGenBanklDDBJ databanks. 
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Fig. 2. Sequence similarities and motifs of Mom19 from human, 
S. cerevisiue and N. crussu. (A) Comparison of the predicted primary 
sequences of S. cerevisiue (SC.), human and N. WLISSU (N.c.) Mom19. 
Identical residues are indicated by vertical lines. Similar residues are 
indicated by double dots. The TPR-motif is boxed. (B) Characteristic 
segments of MomlY. The charged residues are given for the C-terminal 
20 amino acids of each Mom19 protein. Numbers indicate the begin- 
ning and end of a segment. 
identical amino acid residues, to N. crussa Mom19 (Fig. 2A). 
The degree of similarity of the human sequence to the fungal 
sequences is remarkable since the similarity between S. cerevis- 
iae and N. crassa Mom19 is 56%, including 34% identical amino 
acid residues [I 8,251. 
By analysis of the fungal Mom19 we previously suggested 
three characteristics of this mitochondrial protein import recep- 
tor [18]: (i) a hydrophobic segment at the N-terminus with 
sufficient length to function as membrane anchor; (ii) a tetra- 
trico peptide motif (TPR-motif) in the middle of the protein; 
and (iii) a C-terminal segment with a net negative charge. All 
three motifs are present in the predicted human Mom19 ho- 
molog (now referred to as hMom19) (Fig. 2B). TPR-motifs are 
loosely conserved segments of 34 amino acids with a predicted 
amphipathic a-helical structure and are thought to be involved 
in dynamic protein-protein interactions [26]. Interestingly, 
Mom72 contains several TPR motifs [27,28] and thus is a pos- 
sible binding partner of Mom 19. The C-terminal 20 amino acid 
residues of all three Mom19 proteins contain 4-6 negatively 
charged residues and only one positively charged residue (Fig. 
2B). This segment may be involved in the interaction of Mom19 
with the positively charged targeting sequences (presequences) 
of mitochondrial preproteins. 
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Using PCR in panels of human-rodent hybrids, we deter- 
mined the location of the hMOM19 gene to chromosome 1 [12]. 
By fluorescence in situ hybridization (FISH) combined with 
detection of replication R-bands, hMOM19 was found to be 
localized at lq42 (N. Seki, K. Ishikawa, T. Nagase, N. Nomura, 
unpublished). During the course of the mapping studies we 
noticed the presence of at least one sequence-related pseu- 
d Jgene of hMOM19. 
In case hMom19 functions as a protein import receptor of 
11 uman mitochondria, one would expect an expression in prac- 
t tally all tissues. We therefore analyzed mRNA expression by 
Northern hybridization [ 121 and found that the hMOM19 gene 
\ as expressed ubiquitously in all the 16 tissues studied, includ- 
i ig heart, brain, liver and so on (Fig. 3A). The expression of 
L-actin mRNA was used as a control (Fig. 3B). In addition to 
tre major transcript of 3.6 kb that corresponds to the cDNA 
( f hMOMl9 shown in Fig. 1, three small transcripts of 1.3, 1 .O 
and 0.8 kb were observed (Fig. 3A). A short cDNA which was 
t :rminated at position 578 in Fig. 1 should be derived from one 
( f these small mRNAs. 
The results obtained so far raised the possibility that 
1 ‘Mom19 represents a component of the outer membrane im- 
1 ort machinery of mammalian mitochondria. Since no other 
c omponent of the preprotein import apparatus of mammalian 
I litochondrial membranes is known, we asked if hMom19 
c ould assemble with the well-characterized receptor complex of 
/ ” cerevisiue mitochondria [20,29,30]. The coding region of 
I Mom19 was cloned into the pGEM4-Z vector. By transcrip- 
I on/translation, hMom19 was synthesized and %-labeled in 
I dbbit reticulocyte lysate. The apparent molecular mass of the 
1 rotein was 16 kDa as expected from the primary sequence. 
.‘\fter addition of isolated S. cerevisiur mitochondria, hMom19 
i’ssociated with the mitochondria (Fig. 4, lane 2). As control we 
I sed the authentic precursor of yeast Mom19 (Fig. 4, lane 1). 
‘he mitochondria were reisolated and lysed with digitonin 
: nder conditions that do not dissociate the outer membrane 
eceptor complex [20,3 11. With antibodies directed against 
Iom38 or Mom22, the complex was then co-precipitated 
nder non-denaturing conditions [20,2 1,301, evidenced by 
I he co-precipitation of in vitro imported yeast Mom19 (Fig. 4, 
_ ,” - -  
1 2 3 4 6 7 6 9 10111213141516 
kb 
t 3.6 
kb 
f2.0 
4-1.6 
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.?g. 3. mRNA expression patterns of (A) hMOMl9 and (B) /I-actin. 
I DNA fragments were randomly labeled, and Northern hybridization 
‘was performed as described in section 2. Lanes 1 = heart; 2 = brain; 
= placenta; 4 = lung: 5 = liver; 6 = skeletal muscle; 7 = kidney; 
:_s = pancreas; 9 = spleen; 10 = thymus; 11 = prostate; 12 = testis; 
13 = ovary; 14 = small intestine; 15 = colon; 16 = peripheral blood leu- 
:.ocyte. 
yMoml9 --) 
hMoml9 -w 
309 
Fig. 4. Targeting of hMom19 to the yeast mitochondrial outer mem- 
brane. Reticulocyte lysate containing “S-labeled S. cerevisiue Mom19 
(yMom19, samples 1, 3, 5, 7 and 9) or %labeled human Mom19 
(hMom19, samples 2, 4. 6, 8 and 10) was incubated with isolated S. 
cerevisiue mitochondria for 20 min at 25°C as described in section 2. 
The mitochondria were reisolated, washed, and either dissociated in 
sample buffer (samples 1 and 2) or lysed in digitonin-containing buffer, 
followed by immunoprecipitation with the indicated antibodies (sam- 
ples 3310). The immunoprecipitates were dissolved in sample buffer. 
Analysis was by SDS-PAGE and digital autoradiography. Samples I 
and 2 represent one-ninth of the import reaction used for samples 3-10. 
respectively. 
lanes 3 and 7). The specificity of the co-precipitation was dem- 
onstrated by the lack of precipitation of yeast Mom19 with 
antibodies from preimmune serum (Fig. 4, lane 5) or antibodies 
directed against the most abundant outer membrane protein 
porin (Fig. 4, lane 9). hMom19 was co-precipitated by both 
anti-Mom38 antibodies and anti-Mom22 antibodies (Fig. 4, 
lanes 4 and 8) but not by preimmune antibodies or anti-porin 
antibodies (Fig. 4, lanes 6 and 10). This demonstrates that 
hMom19 is specifically associated with the yeast mitochondrial 
receptor complex. 
In conclusion, hMom19 shows significant sequence homol- 
ogy to the mitochondrial protein import receptor Mom19 from 
S. cerevisiae and N. crassa, including the three typical charac- 
teristics of Mom19 (N-terminal hydrophobic segment, TPR- 
motif in the middle, C-terminal negatively charged segment). 
hMom19 is expressed in probably all tissues. It can be targeted 
to yeast mitochondria and specifically associates with the outer 
membrane receptor complex. A databank search revealed an 
unpublished rat sequence (SD. Nuttall. J. Sinding, B. Hanson 
and N.J. Hoogenraad, submitted to EMBLlGenBank with ac- 
cession number U21871) with striking similarity to hMom19. 
only three amino acids of 145 residues were different. We sug- 
gest that both hMom19 and the highly homologous rat protein 
are the first mammalian components of the protein import 
machinery of the mitochondrial membranes. These findings 
open a broad new area of research on mitochondrial protein 
import, in particular the search for and characterization of 
other components of an outer membrane receptor complex and 
the analysis of a potential involvement of the protein import 
machinery in human diseases with defects of mitochondrial 
function [32]. 
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